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Molecular spintronics have raised a lot of interest that combines spintronics and 
molecular electronics. The spin coherence length in the organic material is longer 
than that in the inorganic materials due to the weak spin–orbit coupling and hyperfine 
interactions, which makes the organic molecules suitable for a spin transport material. 
Moreover, by combining with photochromism and electrochromism, spin switching 
should be possible since there is a strong correlation between the structure and 
electronic properties of molecules. Single-molecule magnets (SMMs) have attracted 
much attention. SMMs represent a class of compounds in which a single molecule 
behaves as a magnet. The reported blocking temperature, below which a single SMM 
molecule works as a quantum magnet, has been increasing with the progress in the 
molecular design and synthesis techniques of multiple-decker Pc complexes. 
However, even though the bulk properties of these molecules are promising for the 
use of electronic materials, the control of the interface between the molecules and the 
metal-electrode is mandatory for the successful use of these molecules in the 
spintronic applications. Recently, molecules with magnetic properties adsorbed onto 
metallic surfaces have been used as platforms to explore the Kondo effect in low 
dimensions by scanning tunneling microscopy/spectroscopy (STM/STS) such as the 
family of sandwich-type lanthanide (Ln) complexes with phthalocyaninato (Pc) and 
porphyrinato (Por) ligands. They have been synthesized, successfully evaporated 
under a UHV environment and self-assembled on metallic surfaces.  Probing 4f-
states for late Ln centers with a local probe is difficult since 4f-orbitals are spatially 
localized around the nucleus and lie deep in energy. Although the Cerium 4f orbital 
is the most extended in the lanthanide series lying close to the Fermi level, and cerium 
centers have a mixed-valence promising an original effect, studies on double-decker 
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complexes with cerium centers on surfaces are sparse. Despite their promising 
properties, Kondo resonance has not been evidenced yet for Ce-based molecular 
complexes on surfaces. 
 In the chapter 2, we have explored electric and spin properties of 
Bis(phthalocyaninato) Cerium (CePc2) for the first time. We deposited CePc2 on Au 
(111) and found two types of phases. In phase I molecule center is flat and in phase 
II molecule center contains inner lobes. For the both phases, there are Kondo peak in 
lobe and center in first layer. In second layer Kondo feature was absent for the both 
phases. In first layer due to weak interaction with substrate there is charge transfer 
from ligand to metal and configuration changes from Ce4+(2Pc2-) to Ce3+(Pc2-Pc1-) 
consequences spins create in metal and ligand center. X-ray photoelectron 
spectroscopy shows with increasing thickness of molecule, Ce3+ decreases rapidly 
compared to total (Ce3++Ce4+) which is good agreement with our dI/dV results.  
 In the chapter 3, we studied the spin state of the π radical assemblies, which 
are created through converting nonmagnetic terbium (2,3,7,8,12,13,17,18-octaethy 
lporphyrinate) (2,3,7,8,12,13,17,18-octaethylporphyrindiate) (Tb(Hoep) (oep)) 
selectively either into [Tb(oep)2] or deethyl-[Tb(oep)2] radical molecule by removing 
the H atom and further ethyl group, with the injection of tunneling electrons using a 
scanning tunneling microscope. The Kondo resonance, formed by screening the 
radical spin by the conduction electron, shows the dip and peak shapes for [Tb(oep)2] 
or deethyl-[Tb(oep)2], respectively, due to the difference in the coupling between the 
two oep ligands. When these two types of molecules are created next to each other, 
the Kondo resonance appears as a mixture of the peak and dip at the interface of the 
two. This is interpreted as the result of the hybridization of the two different π radical 
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Spintronics, or spin electronics, refers to the study of the role played by 
electron (and more generally nuclear) spin in solid state physics, and possible 
devices that specifically exploit spin properties instead of or in addition to 
charge degrees of freedom. For example, spin relaxation and spin transport in 
metals and semiconductors are of fundamental research interest not only for 
being basic solid-state physics issues, but also for the already demonstrated 
potential these phenomena have in electronic technology (some short 
reviews). The prototype device that is already in use in industry as a read head 
and a memory-storage cell is the giant-magnetoresistive (GMR) sandwich 
structure which consists of alternating ferromagnetic and nonmagnetic metal 
layers. Depending on the relative orientation of the magnetizations in the 
magnetic layers, the device resistance changes from small (parallel 
magnetizations) to large (antiparallel magnetizations). This change in 
resistance (also called magnetoresistance) is used to sense changes in 
magnetic fields. Recent efforts in GMR technology have also involved 
magnetic tunnel junction devices where the tunneling current depends on spin 
orientations of the electrodes. Since it can store information of the spin 
direction in a molecule size below blocking temperature, it is considered as a 
good material for the spintronic device1,2,3. 
 
1.2 Single molecule magnets 
The origin of magnetism comes from the orbital and spin motions of electrons 
and how the electrons interact with one another. Diamagnetic and 
8 
 
Paramagnetic materials are group of magnets that exhibit no collective 
magnetic interaction and are not magnetically ordered where ferromagnetic 
materials exhibit long range magnetic order below a certain critical 
temperature. Diamagnetic materials are composed of atoms which have no 
magnetic moment i.e. all the orbital shells are filled and there are no unpaired 
electrons. When external magnetic field applied, however, a negative 
magnetism is produced and thus the susceptibility becomes negative fig 1-1(a) 
Paramagnetic materials have a net magnetic moment due to unpaired 
electrons in partially filled orbitals. These materials become magnetized in a 
magnetic field but their magnetism disappears when the field is removed. 
However, in the presence of the field, there is partial alignment of the atomic 
magnetic moments in the direction of the field, resulting in a net positive 
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Unlike paramagnetic materials, the atomic moments of the ferromagnetic 
materials exhibit very strong interactions where the interactions are produced 
by electronic exchange forces. The exchange force is quantum mechanical 
phenomenon comes from the orientation of the spins of two electrons. 
Ferromagnetic materials exhibit parallel alignment of moments resulting in 
large net magnetization even in the absence of a magnetic field. 
There is difference between the susceptibility of paramagnetic and 




magnetization in ferromagnetic materials is saturated in moderate magnetic 
fields and at high temperatures. 
Even though electronic exchange forces in ferromagnetic materials are very 
large above the curie temperature, the saturation magnetization goes to zero 
fig. 1-1(c) In addition to the curie temperature and saturation magnetization, 
ferromagnetic materials can retain a memory of an applied field once it is 
removed. This behavior called hysteresis and the variation of magnetization 
with magnetic field makes a loop called hysteresis loop fig 1-1(d) 
Single molecule magnets (SMM) are a class of high spin molecules that 
exhibit magnetic hysteresis below a certain blocking temperature. They are 
regarded as a magnet which has a single magnetic domain. The magnetism of 
the SMM can be uniquely defined owing to the steady molecular structure. 
SMMs should have spin quantum number S (or total angular momentum J) 
and the spin quantum number S should be larger than 1. The projection of the 
spin on a specific direction is quantized and given the quantum Ms which 
vary from +S to – S in integer. Therefore, any S state contains 2S+1 
degenerate Ms states. The degeneracy of Ms states can be resolved by a ligand 
field (or crystal field), which is known as zero field splitting (ZFS). With the 
ZFS constant D, the energy of each Ms levels are represented by 
DMS2 1.1 
 
Therefore, if D is zero, the 2S+1 Ms states would be degenerate. If D is larger 
than zero, the lowest state would be Ms = 0. If D is negative value, the 
lowest levels would be doubly degenerated Ms = +S and Ms = -S and there 
is potential barrier between two ground states that has to be overcome to 
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reverse a magnetization. The barrier height is called magnetic anisotropy 
energy (MAE). This is often represented by a double well potential. 
 
 
1.3 Scanning Tunneling Microscopy  
Electron, as an elementary particle, behaves as a wave matter that permits the 
tunneling through an energy barrier between two surfaces. This is called 
quantum tunneling phenomenon that was first observed by Gerd Binnig and 
Heinrich Rohrer at IBM Zurich in order to image material surface with atomic 
resolution. The development of STM in 1981 earned it inventors the Nobel 
Prize in Physics in 1986. When two metals are brought near enough, (~1nm), 
electrons from occupied states of the negatively biased surface (sample) 





Figure 1-2. Energy band diagram of tip-sample interface. Both 





This is illustrated in an energy band diagrams in Fig. 1-2. The tunneling 
current It, can be derived by using Fermis golden rule of first-order time-







Figure 1-3. Schematics diagram of STM works.  
 
 
Where M is the tunneling matrix, ρs and ρt are the density of states (DOS) of 
the sample and the tip, f(E) is the Fermi function, e is electron charge, ħ is 
reduced Planck constant and Vb is the tip-sample bias. By assuming a simple 
square tunnel barrier and exponential decay of the wave functions, the matrix 






Here, m is the electron mass, d is the separation of the tip and sample, and φ is the 
effective barrier height. The latter is the average of tip and sample work functions: 





The exponential decay of current, with increasing the tip-sample separation, is 
the basis of the scanning tunneling microscope (STM). Therefore, by keeping 
the tunneling current constant using a feedback loop system, tip closely follows 
the sample corrugation while scanning across the surface. The contour maps 
obtained in this scanning mode (constant current mode) are often referred to 
the topographic images of the sample surface. However, the better 
interpretation of them is the contour map of constant charge densities. 
 
1.4 Scanning Tunneling Spectroscopy  
Besides the topography, STM is capable of probing DOS of the sample. By 
assuming a constant DOS in energy for the metallic tip and by taking the 





















Figure 1-4. Schematic diagram of scanning tunneling 
              spectroscopy system 
 
The DOS also varies as a function of position (x, y). Thus, by changing the 
location of the tip and the bias voltage, the so-called local density of states 
(LDOS) at different energies is observable. A common way to perform 
tunneling spectroscopy is to scan the tip to the point of interest using STM 
feedback. Afterward, disabling the feedback loop and sweeping Vb while 







1.5 Kondo Effect   
1.5.1 The anomaly of electron transport at low temperature 
Since electron can travel more easily through a metallic crystal when the 
vibration of the atoms is small, the electric resistance of a pure metal usually 
drops as its temperature is lowered. However, in some metals, the resistance 
minimum has been reported at low temperature (~10K)14. The resistance 
saturates as the temperature is lowered below 10K due to static defects in the 
material. Some metals, for example, lead, niobium and aluminum, can 
suddenly lose their resistance to electric current and become superconducting. 
At a certain temperature, this phase transition from a conducting to 
superconducting state occurs. Electrons behaves as a single entity below this 
so-called critical temperature. Superconductivity is the elite example of a many 
electron phenomenon. On the other hand, other materials, for example copper 
and gold remain conducting and have constant finite resistance, even in lower 
temperature. Fig. 1-5 shows the resistance minimum for gold. The value of the 
low temperature resistance depends on the number of defects in the material. 
The value of the “saturation resistance” increases by adding the defects but the 
temperature dependency remains the same. Interestingly, this behavior changes 
if magnetic atoms, such as cobalt, are added. The electric resistance increases as 
the temperature is lowered after the saturation, this behavior does not involve 
the phase transition. But the so-called Kondo temperature is the temperature at 
which the resistance starts to increase again. At that time, this phenomenon 
could not be explained. There have been many observations of an anomalous 
increase in the resistance of metal at low temperature since 1930. But it took 
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Figure 1-5. Origin of Kondo resonance 
 
In 1964, Kondo explained the phenomena and contributed in understanding of 
behavior of electrons around magnetic impurities. He considered the s-d 
exchange interaction between conduction electrons and the magnetic moments 
of impurity atom, and derived a theory which explains well the resistive 
minimum. It not only gives the explanation but also poses the problems about 







1.5.2 Anderson model and Kondo resonance peak 
Anderson gave an intuitive model which describes a single magnetic impurity 
embedded in a nonmagnetic metallic host5  
 
 
Figure 1-6. (a) The Anderson model of a magnetic impurity assumes that it has 
just one electron level with energy ε0 below the Fermi energy of the metal (red). This 
level is occupied by one spin-up electron (blue). Adding another electron is 
prohibited by the Coulomb energy, U, while it would cost at least |εo| to remove the 
electron. Being a quantum particle, the spin-up electron may tunnel out of the 
impurity site to briefly occupy a classically forbidden “virtual state” outside the 
impurity, and then be replaced by an electron from the metal. This can effectively 
“flip” the spin of the impurity. (b) Many such events combine to produce the Kondo 
effect, which leads to the appearance of an extra resonance at the Fermi energy. Since 
transport properties, such as conductance, are determined by electrons with energies 




1.5.3 Kondo effect detected by STM 
 
The Kondo effect arises from spin-flip scattering between the impurity’s local 
magnetic moment and the conduction electrons of a metal host i.e it occurs at 
the atomic scale. However, most of the measurement of Kondo effect, for 
example, photoemission spectroscopy had involved macroscopic averaging. 
Madhavan et al. first represented the detection of local electronic properties 
of the Kondo system formed by single cobalt adatoms on Au (111) surface in 
19986. By using STM, they observed the Kondo resonance for individual 
magnetic atoms on the metal surface at the temperature of 6.6 K. In the 
dI/dV spectrum for a single Co adatom on Au (111), the asymmetric dip was 
observed near the Fermi energy (EF). The width of the EF resonance is much 
narrower than the widths expected s-, p-, or d- originated ad atom resonances. 
This EF resonance shows the characteristic temperature dependence which 
brings an evidence of the Kondo resonance7. Below the Kondo temperature, 
conduction electrons of the metal substrate are strongly bounded by the local 
spin of a Co ad atom and compose the Kondo singlet, lead to the EF 
resonance. The Kondo temperature for Co/Au(111) is 70 K6 that is 
considerably smaller than the Kondo temperature of Co impurities in the bulk 
Au (Tk ~ 300-700 K)6. The lower Tk for Co/Au(111) comes from the lower 
coordination of Co on the surface which decreases the overlap of the d orbital 
with conduction band and results in the smaller |J|. 
An electron tunneling from a STM tip to the Kondo resonance has two possible 
channels; the d orbital and the continuum which leads to an additional 
quantum interference term. The asymmetric dip shape of Kondo resonance in 
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the Co/Au (111) is the result of this quantum interference between the d-
orbital and continuum conduction electrons channels, as well as their 






Here, q reflects the quality of the tip-adsorbate coupling, 𝜀₀ is the energy location of 
the resonance and Γ is the resonance width (FWHM). The line shapes of equation 
1.5 and 1.6 for different q values are shown in figure 1.7. The physical value of q 
implies that the STM tip is strongly coupled to the atomic orbital, while a low value 
of q implies that the tip is more strongly coupled to the conduction electron 
continuum than the atomic orbital. Roughly, if the magnetic impurity strongly 
adsorbs to the substrate, the Kondo dip would appear rather than peak. For example, 
in the case of 3d transition metals on metallic surface, in which the 3d orbitals 
strongly couple to the conduction band of the substrate, q is smaller than 1 and leads 
to an asymmetric resonance depicted in figure 3.6. In fact, dI/dV measurements on 
magnetic atoms on metallic surfaces generally do not show the kondo resonance peak 
in spectra, but rather dip-like resonance close to the Fermi level (q ~ 0.6 for 
Co/Au(111))6. The spatial dependence of the dI/dV spectra shows that the q 
parameter decreases when the STM tip position is moved from the center of a Co 
adatom. This is interpreted as the coupling between the tip and magnetic moment is 





The STM studies of molecular Kondo effects also have been reported. Molecules 
have the degrees of freedom of deformable structures and controllable electronic 
states which can couple to the spins of magnetic ions in the molecules. These 
characters of molecules can be expected to be used to control the Kondo effects 
(Kondo temperatures). By using the modification to the molecular structures, the 
switching of Kondo effects has been demonstrated10. Moreover, the Kondo effect of 
the radicals as tetrathiafulvalence- tetracyanoquinodimethane (TTF-TCNQ) and 
1,3,5-triphenyl-6-oxoverdazly (TOV) molecules on Au (111) has been observed, the 





Figure 1-7. Fano resonance line shape for different q values. 
When q = 0, a dip is obtained, while q >> 1 a peak is obtained. 
For q ~ 1, an asymmetric resonance is obtained. 
STS is one of the most widely used techniques for detecting Kondo 
resonance. Electronic states of a molecule as the highest occupied molecular 
orbital (HOMO) and the lowest unoccupied molecular orbital (LUMO) 
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appears as peaks in a dI/dV plot. 
The Kondo resonance of a magnetic molecule is illustrated in Figure 1.8 (a), 
where the center of the spin of a molecule is sandwiched by the STM tip and 
the substrate. For a magnetic molecule, the spin center is usually the electron 
in a singly occupied molecular orbital (SOMO) which interacts with the 
conduction electrons to form a Kondo resonance. The SOMO state, which 
is specified by the energy ε, should show the increase in the energy due to the 
on-site Coulomb energy U when it is doubly occupied. A sharp increase in 






Figure 1-8. (a) Schematic model of the Kondo resonance. ε, U, 
Γ represent the energy level, Coulomb repulsion energy, and the 
peak width of the singly occupied molecular orbital (SOMO) state, 
respectively. (b) Schematic of a typical STS plot of the Kondo 
resonance. 
 
Nagaoka et al. showed the following formula for the T dependence of the 





Where 𝑘𝐵is the Boltzmann constant and 𝑇𝑘 is the Kondo temperature. 
𝑇𝑘 can be expressed as follows 
 
 
Where 𝛤𝑠 is the peak width of the electronic state of the spin center after 
hybridization with the surface, εis the energy level relative to fermi energy, 
and m is the degeneracy of the orbital. 𝛤𝑠 decreases when the distance 
between the spin and the substrate are separated, owing to a decrease in 
the hybridization between the molecule and the substrate 
phthalocyaninato-terbium (III) multiple-decker complexes. 
 
1.6 Origin of Kondo effect in Double decker phthalocya- 
nine molecule TbPc2 
 





Our data show that an unpaired electron in a π-orbital of the upper Pc ligand is 
responsible for the appearance of the Kondo peak for TbPc2. As TbPc2 is neutral, 
there must be a +1 π-radical because the molecule is composed of a Tb+3 ion and two 
Pc−2 ligands (totally −4)16. Thus, one of the ligands should have an unpaired electron 
in a π-orbital 17. 
The correlation between the appearance of the Kondo peak and the presence of an 
unpaired electron in a π-orbital can be seen more clearly in the comparison between 
double-decker YPc2 and triple-decker Y2Pc3 (see Figure 1.10). Both molecules 
contain a Y ion in a +3 oxidation state. Thus, in the double-decker complex, there is 
a single unpaired electron in the π-orbital of the Pc ligand and no spin on the Y ion. 
In the triple-decker molecule, the two Y ions have a total oxidation state of +6 with 
no d or f spin, and the sum of the oxidation states of the three Pc ligands is −6, which 
means that Y2Pc3 is neutral and has no spin system. We observed a sharp Kondo 
feature for YPc2, whereas no Kondo peak was observed for Y2Pc3. In other words, 
the Kondo feature occurs because of an unpaired π-electron in a ligand orbital instead 
of a metal orbital. 
The Kondo state is formed in the presence of degenerate spin states. In the case of 
TbPc2, there are two spin systems: one spin system involves the central Tb ion (4f 
electrons, J=L+S=±6) and the other involves one unpaired electron in a π-orbital. In 
the present case, the large magnetic anisotropy on the Tb ion leads to a loss of the 
spin degeneracy and effectively hampers the formation of a Kondo state. However, 
the two degenerate spin states (S=1/2) of the π-electron together with its sizable 




Figure 1-10. (a) dI/dV spectra of YPc2, TbPc2 & Y2Pc3. (b) Spin in metal 
center and ligand in TbPc2, TbPc2, Tb2Pc3 & Y2Pc3. 
 
1.7 Valence fluctuation of Cerium  
Lanthanide series is characterized by the progressive filling of the 4f orbital and the 
general configuration of lanthanide is [Xe]4fn6s2. As 4f orbitals are strongly localized 
and it shows localized magnetism. Among this series, Cerium is different with 
electronic configuration [Xe]4f15d16s2 because it has most extended 4f orbitals 
favors valence instability.     
Immediately after lanthanum, the 4f orbitals suddenly contract and are lowered in energy to 
the point that they participate readily in chemical reactions; however, this effect is not yet 
strong enough at cerium and thus the 5d subshell is still occupied18.  Most lanthanides can use 
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only three electrons as valence electrons, as afterwards the remaining 4f electrons are too 
strongly bound: cerium is an exception because of the stability of the empty f-shell in Ce4+ 
and the fact that it comes very early in the lanthanide series, where the nuclear charge is still 
low enough until neodymium to allow the removal of the fourth valence electron by chemical 
means 19.  
Cerium has a variable electronic structure. The energy of the 4f electron is nearly the same as 
that of the outer 5d and 6s electrons that are delocalized in the metallic state, and only a small 
amount of energy is required to change the relative occupancy of these electronic levels. This 
gives rise to dual valence states. 
1.8 Manipulation of Molecule/ atom by STM  
Single atom/molecule manipulation with a scanning tunneling microscope (STM) tip is an 
innovative experimental technique of nanoscience. Using a STM tip as an engineering or 
analytical tool, artificial atomic-scale structures can be fabricated, novel quantum phenomena 
can be probed, and properties of single atoms and molecules can be studied at an atomic level. 
In the mid-20th century, the possibility to image or to see an atom was a matter of great 
debate. Only after the Nobel-award winning invention of the scanning tunneling micros- cope 
(STM) by Binnig and Rohrer in the early 1980s, atomic landscapes of material surfaces could 
be imaged in real space.20 The operation principle of STM is based on a quantum mechanical 
phenomenon known as “tunneling.”2 When a sharp needle (tip) is placed less than a 1 nm 
distance from a conducting material surface (sample) and a voltage is applied between them, 
the electrons can tunnel between the tip and the sample through the narrow vacuum barrier. 
Since the tunneling current exponentially varies with the tip–sample distance, a tiny change 
in the distance less than a fraction of the atomic length can be detected.21 During STM 
imaging, location of STM tip at the proximity of the surface often causes perturbations due 
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to tip–sample interactions. In a normal imaging mode, these perturbations are not desirable. 
Since the beginning of the 1990s, these undesired perturbations became one of the most 
fascinating subjects to be pursued by scientists:22 manipulation of atoms and molecules on 
surfaces. Using STM manipulation techniques, quantum structures can be constructed on an 
atom-by-atom basis,23–29 single molecules can be synthesized on a one-molecule-at-a-time 
basis,30–34 and detailed physical/chemical properties of atoms/molecules, which are elusive to 
other experimental measurements, can be accessed at an atomic level.35–52 Now-a-days, STM 
is an instrument not only used to see individual atoms by imaging, but also used to touch and 
take the atoms or to hear their vibration by means of manipulation. In this perspective, STM 
can be considered as the eyes, hands, and ears of the scientists connecting our macroscopic 
world to the exciting atomic and nanoscopic world. 
1.9 Fano parameter  
In physics, a Fano resonance is a type of resonant scattering phenomenon that gives 
rise to an asymmetric line- shape. Interference between a background and a resonant 
scattering process produces the asymmetric line-shape. It is named after Italian-
American physicist Ugo Fano, who in 1961 gave a theoretical explanation for the 
scattering line-shape of inelastic scattering of electrons from helium53,54; however, 
Ettore Majorana was the first to discover this phenomenon55. Because it is a general 
wave phenomenon,  physicist Ugo Fano, who in 1961 gave a theoretical explanation 
for the scattering line-shape of inelastic scattering of electrons from helium; 
however, Ettore Majorana was the first to discover this phenomenon. Because it is a 





Figure 1-11. Plot of scattering cross-section versus normalized energy for 
various values of the parameter q illustrating the asymmetric Fano line shape. 
 
The Fano resonance line-shape is due to interference between two scattering 
amplitudes, one due to scattering within a continuum of states (the background 
process) and the second due to an excitation of a discrete state (the resonant process). 
The energy of the resonant state must lie in the energy range of the continuum 
(background) states for the effect to occur. Near the resonant energy, the background 
scattering amplitude typically varies slowly with energy while the resonant scattering 
amplitude changes both in magnitude and phase quickly. It is this variation that 
creates the asymmetric profile. For energies far from the resonant energy the 




of the resonant scattering amplitude changes by . It is this rapid variation in phase 
that creates the asymmetric line-shape. 
Fano showed that the total scattering cross-section  assumes the following form, 
where  describes the line width of the resonant energy and q, the Fano parameter, 
measures the ratio of resonant scattering to the direct (background) scattering 
amplitude. (This is consistent with the interpretation within the Feshbach–Fano 
partitioning theory.) In the case the direct scattering amplitude vanishes, the q 
parameter becomes zero and the Fano formula boils down to the usual Breit–
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Chapter 2  
Absorbed Configuration and Spin Properties of CePc2 






Molecular spintronics combines molecular electronics and spintronics1. The π 
conjugated molecule having long spin relaxation times show spin transport 
properties2. Recently much efforts are directed to obtain spintronics devices that 
maintain and utilizes quantum coherence, and fundamental study are moving from 
metals to semiconducting3,4 and organic materials5. The idea is creating spintronic 
devices with organic molecule especially single molecule magnet which show slow 
magnetization of relaxation6,7. Double decker Lanthanide biphthalocyanine 
complexes (LnPc2) has attracted an attention when find that it shows SMM behavior. 
Among lanthanides Cerium is different due its electronic configuration (4f1) that 
allows different oxidation states leading to singular behavior such as heavy fermion 
behavior & quantum phase transition. Despite of its promising properties, electronic 
behavior CePc2 never explored in any metal substrate. 
 Kondo effect is most efficient way to understand electronic state. Research on the 
Kondo resonance using STM was started for the observation of single magnetic 
atoms,7-12 which was followed by that for adsorbed molecules.13–36 
 However, Kondo detection in cerium complex remains elusive due to intramolecular 
4f – π 38 interaction and hybridization of ligand states to the metal substrate 39,40. 
Access to 4f states of late Ln is difficult because 4f orbitals are specially localized 
around the nucleus and deep lie in energy. To access to 4f orbital, it should be closer 




Previously there were some published work about accessing 4f states of Ln in 
surfaces. Farhrendorf et al stated that larger ionic radius with more delocalized 4f 
electrons is necessary to access 4f electron and studied NdPc2/Cu (100) But they 
failed to show evidence39.  
In the case of Dypc2 / Cu (001), some evidences were found that Kondo resonance 
from central lanthanide ion40. Kondo temperature on central Dy ion and ligand were 
33k this was explained by strong hybridization of the metal substrate and ligand state.  
R. barhoumi et. Al. reported that Kondo screening of the 4f electrons of the Tb ion 
of TbPc2 is observed due to coupling with substrate Cu (111) and ligand electrons
41.  
For the spin behavior, in our lab, we previously deposited TbPc2 on Au (111)
38 & Ag 
(111)42. In both substrates, Kondo resonance is observed in ligand. In Ag (111), first 
layer, there is no Kondo because spin is quenched leading to [TbPc2]
− by substrate 
electron but in second layer Kondo return due to two molecules stacking on the top 
of each other is expected to produce a net spin radical. 
In this chapter, I will explain preparation of CePc2 sample and STM study of CePc2 
on Au (111). 
2.2 Sample preparation & condition of STM   
      observation  
All experiments were done at 4.7 kelvin temperature in an ultrahigh vacuum. 
The substrate was single a crystal Au (111). Au (111) substrate was prepared 
by 3 cycle Ar+ sputtering and annealing, where sputtering is done with 1.9x10 
Pa pressure, 4.26µA ion current and 600eV-electron energy for 2 minutes and 
annealing is done with 2.1x10 Pa Pressure, 4 mA Emission current and 500eV 
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Electron energy for 6 minutes. After prolonged degassing the molecule was 
deposited on the Ag(111) surface by vacuum sublimation method. Ta boat 
was used to evaporate the molecule by this method. X-ray photoemission 
spectroscopy was performed using non-monochromatized X ray source of 
AlKα to check the composition of the deposited molecule. At room 
temperature, CePc2 molecule were deposited at a flux rate of ~0.1monolayer 
per minute on the Au(111) surface. No subsequent annealing was executed 
after the deposition. 
All the preparation, such as the substrate cleaning, molecule deposition, were 
done in ultra- high vacuum condition which is connected by metal valves. The 
low temperature STM observation also done in ultra-high vacuum chambers. 
The sample could be transferred between the metal valves without exposing 
to air. The STM head (Unisoku.Co. Ltd, Japan) was placed in a tube-like 
stainless chamber, which was inserted into a He dewar. The He dewar was 
attached to an air suspended table that was located below floor level to isolate 
from any vibrations. The assembly comprised of the tube scanner, STM tip and 
sample holder, and inertia slider for coarse motion of the tip was suspended 
by spring to isolate it from vibration. Topological STM images were obtained 
in the constant current mode. Scanning tunneling spectroscopy (STS) spectra 
were obtained using a lock in amplifier (LI5640, NF Corp., Japan) in which 
modulation voltage of 1mV superimposed onto the tunneling bias voltage. If 
the different modulation voltage used, it is mentioned in the text. d2I/dV2 
spectra were obtained using the standard method with the use of the lock in 
amplifier. For the measurement, we generally used the following parameters: 
10mV for the modulation voltage, 30 ms for the time constant of the lock in 
amplifier, ~120 s for the voltage ramping and 0.1nA tunneling current, 800mV 
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bias voltage for the set point. 
2.3 Adsorbed configuration of CePc2 on Au (111)  
  
Figure 2-1. Molecular film and model of phase I & II of CePc2 
Fig. 2-1 shows the Au (111) surface after a sub-monolayer film phase I & II 
of CePc2 molecules is formed by a vacuum sublimation method. During the 
molecule deposition, the Au (111) surface is kept at room temperature. There 
are two faces on bare Au (111). The left figure shows phase I and right figures 
shows phase II. 
In phase I, the lattice parameters are indicated by a and b, which are 
perpendicular to each other and are 2.02 along the (1̅10) direction and 2.00 
along the (112̅ ) direction in length respectively. In phase II shows square 
lattice with lattice parameter 15.0 ± 0.6 Å.   
I made model for both phases. The middle of phase I molecule is flat, on other 
hand inner lobe exist in phase II. 
The rotational angle between top & bottom Pcs is 45° in both phases. Similar 
type of phase I & phase II previously reported by R. Barhoumi et. al. In Fig. 




Phase II have inner lobes but phase I don’t have. In phase I alternating rotation 
of top Pc is found in both molecule case. That kind of rotation is not available 
in phase II. Similar kind of Alternating rotation of top Pc reported by F. ara et. 
al. in TbPc 2/Ag (111) 42. 
Figure 2-2. Molecular film of YPc2, TbPc2 & DyPc2 (a) Two phases of 
YPc2 / Au (111) & TbPc2 / Au (111) (b) TbPc2 / Ag (111) (c) TbPc2 / Ag 
(111)   
The checkerboard contrast pattern is found in TbPc2 shown in Fig. 2-2(b), 
which is similar to the case for DyPc2 on Pb (111), includes two types of 
molecular orientations44. The upper Pc ligands of two neighboring DyPc2 
molecules were rotated by 15° against each other on Au (111)43, in contrast to 
39 
 
the 6° rotation on Pb (111). 
 
Figure 2-3. (a) Molecular Heights of CePc2 on Au (111) (b) Heights of 
TbPc2/Au (111) (c) Heights of TbPc2/Ag (111) 
In the case of phase I, the presence of the bare surface makes it possible to measure 
the height of the molecule in the first layer. The height is ∼0.33 nm when measured 
with the Vs = −0.8 V and It = 1 nA conditions; 
 it is lower than the height of ∼0.44 nm measured on TbPc2 / Au (111)38 and higher 
than the height of 0.25 nm measured on TbPc2 / Ag (111)
42Isolated molecules on the 









Fig. 2-4 Kondo resonance in phase I CePc2 on Au (111) (a) STS 
position in first layer and second layer molecule. (b) STS in first 
layer(c) STS in second layer 
In order to study the electronic states of double decker CePc2 molecule dI/dV were 
captured with the STM tip positioned on lobe and center. In first layer, we found 
kondo resonance on lobe and center. In second layer, kondo resonance is disappeared 
in both lobe and center. This result is totally different from TbPc2/ Ag (111) where 
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kondo is missing first layer molecular lobe & center. In second layer (TbPc2/Ag 
(111)) kondo appeared exclusively in lobe but not in center.  
 
Fig. 2-5 dI/dV spectra recorded at the lobe position of TbPc2 / Ag (111). 
(a)The molecule in first layer b) The molecule in second layer.  
The disappearance of the spin from a magnetic molecule due to a charge transfer to 
the molecule has been reported by several papers. The first example is the CoPc 
molecule, which has a spin of S = 1/2 in a vacuum,45 located in the dz2 orbital. Zhao 
et al. examined the Kondo state of CoPc adsorbed on Au (111). No Kondo feature is 
observed for CoPc deposited on the Au (111) surface.46 The disappearance of the spin 
is explained by the filling of the dz2 state as a result of the charge-transfer from the 
substrate. More recently, Stepanow et al. examined X-ray absorption spectroscopy 
(XAS) and X-ray magnetic circu-lar dichroism (XMCD) for the same system.47 They 
showed that a 3d magnetic moment exists in the dz2 state for the multilayer film of 
CoPc, as expected from the behavior of an isolated CoPc molecule. However, the 
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local magnetic moment of Co2+ is zero for the monolayer film of CoPc on Au (111) 
for both in-plane and out-of-plane directions. This is consistent with the results of 
DFT calculations.46 
For the TbPc2/ Ag (111) case, due to the stronger coupling between TbPc2 and Ag 
(111) than that with Au (111), charge transfer from Ag (111) to the TbPc2 molecule 
annihilates the Kondo state. When the Kondo effect arises from an unpaired π 
electron, the resonance at zero-bias is exclusively located at the lobe positions. 
 
 
Fig. 2-6 Kondo resonance in phase II CePc2 on Au (111) (a)STS 
position in first layer and second layer molecule. (b) STS in first 
layer(c) STS in second layer 
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In the upper image figure 2-6 shows, position of Kondo STS is shown. The 
appearance of Kondo in first layer can be explained by π radical of ligand in lobe and 
spin in the metal center. The stable form of CePc2 is Ce
4+ (2Pc2- ). Due to weak 
interaction with substrate Au (111), electron transfer from Pc to Ce4+ and finally its 
configuration like as Ce3+(Pc2- Pc 1- ). So, there is unpaired π radical in ligand and 
spin 4f 1 exist in metal center. In second layer, distance between the metal center and 
ligand is large enough to annihilate the interaction between substrate and molecule. 
In second layer, the configuration is Ce4+ (2Pc2- ). There is no spin either metal center 
and ligand. As a result, Kondo is disappeared in ligand and metal center.  
 
2.5 XPS study of CePc2 on Au (111)   
Magnets are playing a vital role in modern technologies, especially in the sector of 
computer hard drives, credit/debit/ATM cards, televisions, motors, switches, and 
medical equipment. Single-molecule magnets (SMMs) using a single lanthanide ion 
was first demonstrated experimentally by using phthalocyanine–lanthanide 
complexes48. Cerium has a single electron in the 4f-shell, [Xe]4f15d16s2 and its most 
spatially extended 4f-atomic orbital favor valence instability that’s why Ce-based 
intermetallic compounds show intriguing properties such as valence fluctuations, 
heavy- fermion behavior, and unconventional superconductivity49.  
Lanthanide based  SMM  have large axial magnetic anisotropy, which is given to the 
complexes by a different mechanism than those of the well-established 3d metal-
cluster SMMs50,51.  The easy-axis-type magnetic anisotropy in 3d cluster (SMM), is 
represented by the negative zero-field-splitting constant D, which is caused by the 
magnetic interactions among high-spin 3d metal ions in a molecule. For SMM of 
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lanthanide, such anisotropy is given by the ligand field (LF) in which the lanthanide 
ion is incorporated52.
 
A previous report of CePcTPP shows kondo resonance solely on Ag (111) while they 
check Cu(111) surface also and the molecules form a mixed-valence state49. For the 
case of CePc2, there was an argumentation regarding their valence state, the cerium 
was characterized as trivalent by Misumi and Kasuga 53 whereas tetravalent by 
Luk'yanets and coworkers54. Isago and Shimoda et.al showed that the cerium is in 
neither tri- nor tetravalent state but mixed valence state of them55. 
In this work, we focused on studying the valance state and surface interaction of the 
Cerium phthalocyanine double-decker (CePc2) complex on the Au (111) substrate 
and check the possibility of this molecules can act as SMM through analysis of the 
4f-electronic structures with the variation of thickness. We have combined two 
powerful techniques for the determination of the electronic and geometrical structure 
Scanning tunneling microscope (STM) and X-ray photoelectron spectroscopy (XPS). 
STM and XPS enable us to determine the orientation of the molecules on the 
substrate surface and to characterize the molecule-surface interaction respectively. 
Experimental 
The sublimation of the molecules completed under UHV condition using a home-
built evaporator positioned a few centimeters from the substrate surface at room 
temperature. The evaporator and the samples had initially been outgassed in UHV 
carefully. The amounts of deposited CePc2 were monitored by a quartz crystal 
thickness monitor (INFICON, USA). The deposition times ranged from seconds (for 
sub-monolayer) to several minutes (for a multilayer). 
The STM experiments were carried out (by JEOL/JSTM-4500XT, made in Japan.) 
in the ultra-high vacuum (UHV) condition (base pressure below 1×10-8 Pa). Au (111) 
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surface was cleaned by repetitive cycles of Ar+ sputtering (0.5 keV) followed by 
annealing at around 900 K and checked a good a surface with large terraces up to 
several hundred nm wide in STM measurement which is connected with the 
preparation chamber. All STM images presented here had been imaged in constant 
current mode and with a negative bias (probing occupied states) at room temperature 
with a tungsten tip. 
The surface properties of e-beam evaporated CePc2 films were investigated 
employing XPS methods. X-ray photoelectron spectroscopy was carried out using 
the PHI5600 ESCA system (ULVAC PHI), at a base pressure in the analysis chamber 
of 4.0x10-8 Pa (during the measurement pressure was 1x10-7Pa), Al Kα X-ray source 
excitation energy h𝛎 =1486.6 eV & 350 W was used. The sample was positioned at 
an angle of θ = 45° between the input lens of the analyzers and the surface normal. 
The analyzer’s energy calibration was performed with the Au 4f7/2 core levels peak 
at 84.0 eV. The Ce 3d, C1s, N1s, and Au 4f7/2 spectra have been recorded with the 
hemispherical mirror analyzer with a total energy resolution of ∼ 0.125 eV. The 
background of XPS spectra was subtracted by the Shirley procedure and the peaks 
were fitted using the Gaussian-Lorentzian function. 
Here, we used a version of the method of Romeo et al.56 to find out the oxidation 
state of the Ce as Romeo’s technique is simple and accurate enough.57 The Ce3d XPS 
spectrum of CePc2 shows several components labeled from 1 to 10 depends on the 
thickness of the molecule deposited on the substrate and they are all listed in Table-
1. The whole Ce 3d spectrum is fit to these ten peaks. In this report, we fitted the 
heights, FWHMs, and positions of the peaks and then we took the individual spectral 
weights and determine the total weight of Ce (III)58  
Ce (III) = 𝑢′ + 𝑣′ + 𝑢0  +  𝑣0    (1) 
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Ce (IV) = u +  v + u″ + v″ + u‴ +  v‴    (2) 
And then determine the total fraction of the Ce (III) oxidation state in the CePc2 for 
the deposited amount, and the equation is  
% Ce (III) from Ce3d = 
Ce (III) 
Ce (III)+Ce (IV) 
   (3) 
Results and discussion  
X-ray Photoemission Spectroscopy (XPS) studies of CePc2 molecule 
Elucidation of electronic state changes of the films of CePc2 molecules grown on Au 
(111) substrate at the different thicknesses, we executed XPS analysis of Ce 3d core-
level spectra. The previous report describes that the electronic states of oxide surfaces 
can be monitored with the use of photoemission spectroscopy59,60. Herein our report 
XPS experiments had been carried out for CePc2 molecule while the deposited 
amount is 1.0Å, 2.6Å, 4.0 Å 5.0Å, 20.0Å. In the XPS spectrum of Ce 3d, there appear 
multiple and complex peaks originated from different final states reflecting a mixed-
valence state due to various reason like shakeup or Shakedown lines, multiplet 
splitting or hybridization with ligand orbitals and fractional occupancy of the valence 
4f orbitals and they are well described in the previously reported literature. 59–68 
The sharp photoelectron peaks of Ce 3d, are the most prominent features in the XPS 
analysis located in the binding energy of 880-920 eV69. We have also assigned five 
pairs of doublets, well-reported in previous literature as (u0, v0), (u, v), (u′, v′), (u″, 
v″), and (u‴, v‴) where u and v represent Ce 3d3/2 and Ce 3d5/2 states respectively. We 
observed three pairs of doublets as (u, v), (u″, v″), and (u‴, v‴) & they are all 
belonging to the Ce4+ oxidation state. Isago and Shimoda et.al Postulated the local 
configurations for Ce3+ and Ce4+ in CePc2 as Ce
3+ (Pc2-) (𝑃𝑐−∗) and Ce4+ (Pc2-)2 10. 
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We observed two additional pairs of doublets (u′, v′) and (u0, v0), these four 
components correspond to the Ce3+ oxidation state, indicates 4f1 state is available in 
CePc2 molecule. Here we follow the previous literature to assign the peaks as Ce
3+ 
and Ce4+ components 60–65.  
The highest binding energy (BE) peak at ∼916.6 eV corresponds to the initial state 
of the tetravalent Ce (called “f0” configuration) that is not found in the initial state of 
trivalent Ce and therefore used to differentiate Ce4+ state from Ce3+ state. 74, 75 the 
oxidation state of the Ce is very important in giving a clear picture of the state of the 
layers for different thicknesses.  
TABLE I. XPS Peak assignments, area, binding energies, accuracy is ±0.2 eV with 
the previous report 62,70–72 of Ce 3d for CePc2 on Au (111) surface. 
 
We observed the change in the oxidation state of the cerium by analyzing its 3d 
spectrum & during fitting we used the same energy position for every measurement 
with a variation of ±0.3eV. The XPS spectra of the Ce 3d region in Fig.2-7(a), shows 
the change in the Ce 3d5/2 and Ce 3d3/2 components depending on Ce3+ and Ce4+ 








 Peak assignment  v0 v vʹ vʹʹ vʹʹʹ   u0 u uʹ uʹʹ uʹʹʹ 
 





880.5 883.04 885.72 889.69 898.07  899 901.54 904.22 908.19 916.57  




880.505 883.035 885.715 889.685 898.075  899.005 901.535 904.215 908.185 916.575  




880.9 883.35 885.51 889.55 898.11  899.4 901.85 904.01 908.05 916.61  




880.5 883.035 885.715 889.685 898.075  899 901.535 904.215 908.185 916.575  




880.505 883.035 885.715 889.685 898.075  899.005 901.535 904.215 908.185 916.575  
Peak area (%) 91.097 309.49 451.953 311.076 662.191  60.731 206.327 301.302 207.384 441.46 29.74 




While increasing thickness and for the thickness of 20.0 Å it has a most intense peak. 
The changing of Ce3+ to Ce4+ is clearer in Fig. 2-7 (b), where the ratio of Ce3+ w.r.t 
to total oxidation state i.e. Ce3+ and Ce4+ is almost equal to 100% for 1.0Å and 2.6Å. 
But in the case of 4.0 Å, the ratio is dropped to 49% while for 5.0Å, 20.0Å the ratio 
falls drastically to around 30%. The Ce3+ oxidation state is dependent on the 
thickness of CePc2 and most prominent at monolayer film. The XPS spectrum of 
cerium ions in CePc2, in Fig. 2-8(a) the peaks of Ce
3+3d3/2 at binding energies of 
899.005±0.2 eV and 904.215±0.2 eV denoted as u0 & uʹ respectively while the 
position of Ce4+3d5/2 at a binding energy of 880.505±0.2 eV and 885.715±0.2eV 
expressed by v0 &vʹ respectively, are relatively very strong compare to Ce
4+ 
component. From this observation, there is a possibility that in CePc2, Ce can 
preserve 4f1 state for the thickness of 2.6 Å & might be less interaction with the 
substrate. 
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Fig. 2-7 (a) Comparison of six spectra for the sample of CePc2 with 
growing of thickness, intensity of peaks is becoming more visible 
with increasing layers i.e. deposition amount. (b) The ratio of Ce3+ 






For further analysis, we deposited a little bit more (4.0 Å) on Au (111) substrate and 
the XPS measurement result is shown in Fig. 2(b), after deconvolution and area 
measurement it’s appeared that the percentage of Ce3+ dramatically changed.  
In 4.0 Å both Ce3+ and Ce4+ are equally contributed to the XPS spectrum and if we 
deposited much more like 20.0 Å this condition remains almost the same as there’s 







Fig. 2-8 Deconvolution of Ce 3d core level spectrum, all spectrums 
are after subtracting the Shirley background subtraction, (a) for 
2.6 Å (b) for 4.0 Å (c) for 20.0 Å of CePc2 on Au (111) surface. 
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Surface interaction  
XPS is the most widespread technique to address chemical and electronic properties 
of adsorbates, here we showed core level spectra of N1s, C1s, and Ce3d for checking 
the interaction with the variation of thickness. According to Fig.2-9(a), N1s binding 
energies positioned at 398.23 eV for the 2.6 Å (monolayer) CePc2, almost unaffected 
comparing to Tb(OETAP)2 and Dy(OETAP)2 species on Au (111) and Cu (111) 
surface73.  
 
Fig. 2-9 XPS spectra of the different thicknesses for (a) N1s (b) C1s (c) 
change of energy position for N1s & C1s (d) Ce3d, Au (111). For 2.6 
Å indicating a minute and negligible influence of the surface. 
While increasing thickness, binding energy shifting toward the low-energy position 
at 397.15 eV for 20.0Å the highest deposition amount in our experiment. N1s peak 
observed at the binding energy of 397.15 eV, indicating metal nitride formation. 
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Several reports show metal nitride formation in the range of 397.19 eV to 397.94 
eV74. 
In the case of C1s, the energy position at 284.55 eV for 2.6 Å  shown in Fig. 2-9(b) 
remains unaffected compared to Perkin-Elmer corporation75, and there is a similarity 
with 0.25-0.35 eV difference described by B. Cirera et.al73 group for Tb(OETAP)2 
& Dy(OETAP)2 on Au(111) and Cu(111) surface. The metal carbide appeared in 
XPS measurement in the range of 282-283.5 eV 76–79. Like N1s, C1s also formed 
metal carbide as binding energy shifting to lower energy shown in Fig. 2-9(c) for 
both of them & the tendency is decreasing with increasing thickness of molecules.  
From our experimental data for 2.6 Å, we can argue that neither the ligand nor the 
metal center’s chemical and electronic properties is importantly modified upon 
adsorption on metal surfaces Au (111) which is a prerequisite for preserving single-
ion magnetic anisotropy73. 
For the case of Ce3d, we already discussed, its change its oxidation state with 
changing the thickness of the film. Specific Ce(III) features are found to be appeared 
at the binding energies ranging from 880.4 to 903.9 eV 80,81 in the Ce3d region, for 
verifying surface interaction with Ce we checked 2.6 Å carefully, and a peak easily 
we can identify at 885.6eV for Ce3d5/2(Ce
3+), comparing previous report 80,81 it shows 
a difference of ±0.2 eV.  A fingerprint of Ce(IV) states 82 appeared at 916.6 eV (for 
4.0 Å), showing less interaction with the surface. While for 5.0 Å & 20.0Å the peak 




2.6 STM study of CePc2 / Au (111) in room temperature   
For the emulation of our XPS data, we also carried out a surface investigation using 
a Scanning Tunneling Microscope (STM). Here, we present STM images of 
molecular assemblies of CePc2/ Au (111) for the thickness of 1.0 Å. The overall 
morphology of Au (111) is revealed by the STM image (180×180 nm2), confirmed 
the clean surface, shown in Fig. 4(a), specifically, the formation of a reconstructed 






The step height of a gold terrace was measured to ~ 0.24 nm and a sequence of 
stacking changes from FCC to bridge to HCP and again to bridge, with a periodicity 
of 6.3 nm. A typical STM image of CePc2 molecule film on the Au (111) surface, 





Fig. 2-10 STM image of (a) Au (111) surface exhibiting the (22×√3) 
reconstruction & large steps-terrace, image size: 180×180 nm2, 
tunneling parameters: I=0.1 nA, V= -0.8 V. (b) CePc2 covered Au 
(111) surface & showing crystal formation of film at room 
temperature, image size: 60×50 nm2, tunneling parameters: I=0.1 
nA, V= -1.0 V. 
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film of molecules is ~330 pm at a bias voltage of -0.8V and its similar to our low-
temperature measurement but slightly different from other double-decker molecules 
reported previously like TbPc2, DyPc2, and YPc2 on Au (111).
83,84 This height can 
vary with changing substrate,TbPc2/Ag(111);250pm 
85, YPc2/Au(111)450 pm 
86, 
CePcTPP/Cu(111);450 pm49. 
After analyzing several images, we found the Au (111) surface was covered 25-30 
(%) for the thickness of 1.0 Å by molecules. It reveals that for the case of 2.6 Å the 
surface can be covered almost 100 % with the molecule. The XPS measurement 
shows Ce3+ dominates for 1.0 Å though the signals were a little bit weak and noisy 
for 1.0 Å, signals are more prominent for 2.6 Å of Ce3+ oxidation state.  
 
Fig. 2-11 (a) STM image of adsorbed CePc2 molecules, image size: 8×8.5 nm2, 
tunneling parameters: I=0.1 nA, V= -0.8 V. (b) Schematic of the lattice 
configuration of CePc2 molecule of (a), showing unit vectors of the molecular 
lattice, a & b in the direction of   (𝟏𝟏?̅?)  & (?̅?10) respectively and s & t are unit 
vectors of the substrate.  
So, the XPS and STM show good similarities regarding their presence on Au (111) 




visualized in the STM images by the 8 lobes where it’s suggested these 8 lobes 
associated with the upper ligand. 87,88 
The STM topographic images illustrated in Fig.2-11(a, b) looking square unit cells, 
and this kind of structure is well described in ref 89 for YPc2 and TbPc2. 
The magnified image of the CePc2 molecule shown in Fig. 2-11(a) obtained with a 
bias voltage of -1.0V & tunneling current 0.1 nA. Our experimental results show a 
unit cell with the unit vector of a & b with a length of 1.43 (± 0.02) and 1.49 (± 0.02) 
nm respectively which are perpendicular to each other. The tentative lattice of 
molecules of Fig.2-11(a), shown in Fig. 2-11(b), looks like a square lattice 
(1.49±0.06 nm2) lattice match with TbPc2 
89 . 
The lattice of the molecule film can be described with two-unit vectors a and b 
expressed by the matrix of        Here s and t are unit vectors of the 
lattice (see Fig. 2-11(b)). In Fig. 2-11(b), it depicts that’s a is parallel to a (112̅)   
length of 3√3a (a is   of the nearest neighbor distance of Au atoms, a ≈ 0.288 nm83 
and b is parallel to direction  (1̅10) with a length of 5a. 
In summary, we have compared the electronic structure of different thickness 
Lanthanide double-decker molecule CePc2 by employing XPS & STM. Epitaxial 
growth of CePc2 on the Au (111) surface is confirmed by the STM image at room 
temperature and its height 0.3 nm & eight lobes indicate the presence of a double-
decker molecule. The results of XPS shows that the surface properties are strongly 
influenced by the thickness of the surface film.  It has been considered that the 
presence of Ce3+ in CePc2 component proofs the existence of 4f
1 state in a thin layer 
like 2.6 Å, but with increasing of the layer of CePc2 like 20.0 Å, 4f
0 configuration i.e. 
Ce4+ state dominants as Au (111) substrate interact with lower Pc, rather than upper 
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Pc, in this way on monolayer Ce intends to preserve +3 oxidation state and on multi-
layer Ce intention to preserve +4 oxidation state. So, it paves the way to apply this 
molecule as a Single-molecule magnet as accessing data on the nano level is 
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                                                            Chapter 3 
Stucture conversion of Tb (Hoep)(oep) and creation of a 










The Kondo resonance, in which an isolated spin-impurity is magnetically screened 
by the conduction electron of a nonmagnetic metal,1 has been extensively 
investigated mainly for a d or f metal. At the same time, there is a rising interest for 
the Kondo effect caused by the delocalized π radical of organic material for the 
application of quantum information processing.2,3 One of the main issues for such 
applications is the control of the spin–spin interaction. For example, the Rudermann–
Kittel–Kasuya–Yosida (RKKY) interaction has been studied for metal systems.4−6 
Scanning tunneling microscopy (STM) is used for such studies to manipulate the 
atom’s position and detect the spin state directly.7,8 Concerning the Kondo resonance 
originating from the radicals of organic molecules, although extensively reported 
recently,9−21 there is little research reported on the Kondo resonance caused by the 
interaction between delocalized radical spins of molecules. In this chapter, we 
construct an assembly of the unpaired π radicals from nonspin-polarized molecules 
by using the STM manipulation technique. We can tune the manipulation condition 
so as to create two types of new molecules, chemical differences of which appear in 
the change of the shape of the Kondo resonance, the peak and dip in dI/dV near the 
Fermi level. By forming two types of the molecules next to each other, we found the 
Kondo resonance with the shape of the mixture of the dip and peak in the vicinity of 
the contact of the two newly created molecules. This demonstrates that, when the 
delocalized molecular orbitals (MOs) that create Kondo resonance are hybridized, 
the Kondo resonance appears as the mixture of the original Kondo resonances. Such 
a behavior of the Kondo resonance was not observed for the metal system and 
suggests a possibility of tuning the Kondo resonance by molecule design. 
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Experimental set up  
Experiments were performed at 4.6 K in a commercial low-temperature STM from 
Unisoku with a base pressure of 10−8 Pa. Au (111) substrate was prepared by 
repeated cycles of Ar+ ion sputtering followed by annealing. The molecules of Tb 
(Hoep)(oep) were prepared using previously reported procedures.22 
Dichloromethane was distilled in a nitrogen atmosphere before use. The other 
chemicals and solvents were reagent-grade and were used without further 
purification. The compounds were sublimed in the UHV condition from the Ta boat 
onto the Au (111) substrate which was kept at room temperature during the 
deposition. A low-temperature, ultra-high vacuum, high magnetic field STM (USM 
1300, Unisoku, Japan) was employed. STS spectra were obtained using a lock-in 
amplifier in which a modulation voltage of 1 mV was superimposed onto the 
tunneling bias voltage. The STS mapping was done in constant-current mode using 
standard lock-in detection with the feedback loop closed. A modulation voltage of 
50 mV, and frequency 941 Hz was superimposed to the tunneling voltage. The scan 
speed during mapping 𝑑𝐼/𝑑𝑉 was kept at 10 nm/s. The tunneling current injection 
onto the molecules was executed by turning the feedback loop off. 
DFT calculation  
First-principle calculations were performed by using VASP code, employing a plane 
wave basis set and PAW potentials in order to describe the behavior of valence 
electrons23-27. A generalized gradient Perdew Burke Ernzerhof (PBE) exchange-
correlation potential28 was used. The structures were relaxed until the forces were 
smaller than 0.05 eV/Å. Due to the absence of dispersion forces in the local and semi-
local exchange-correlation approximations, the molecule-surface distance was 
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only an estimate. Therefore, little can be said on the charge transfer from the substrate 
to the molecule. As a first approximation, free molecules were used to discuss the 
electronic structure. However, the simulations of the STM images included the gold 
surface, which was modeled as a 5-atom thick slab, and were based on the lateral 
arrangement of molecules described in the results. The Tersoff and Hamman theory29 





























3.2 Conversion of Tb (Hoep)(oep) by electron injection  
 
 
Figure 3-1. (a) Chemical structures of bis(porphyrinato)terbium (III) 
double-decker complexes. (b) Top view of a model of the (Hoep) ligand. 
C and N atoms are shown by gray and blue spheres, respectively. The 
H atom is illustrated in light-gray except the one attached to the N 
atom that is highlighted in red. Green and red circles illustrate the H 
atom and the ethyl group, respectively. (c–e) The film formed by [Tb 
(Hoep)(oep)] molecules (c), and the change of the target molecule 
(specified by the blue circle of (c)) after injecting tunneling electrons 
with an energy of 1.5–2.5 eV (d), and with that larger than 2.5 eV (e). 
(Vs = 0.8 V, It = 0.2 nA, bar length = 1.0 nm). Model of deethyl-
[Tb(oep)2] molecule (f), and the simulated STM image (g), and the 




In our previous report, we demonstrated that the molecules of [Tb(Hoep)(oep)] and 
[Tb(oep)2] adsorbed on Au(111) surface show a clear contrast-difference in the STM 
image obtained for the unoccupied state, where the latter is highlighted in the 
topographic image and is protruded in the lattice of the former molecule.31 In addition, 
we showed that the molecule of [Tb(Hoep)(oep)] can be converted into [Tb(oep)2] 
by removing the H atom through injecting the tunneling electron, whose threshold 
voltage is 1.5 eV. 
This conversion is depicted in Figure 3-1(c) and (d) as the images before and 
after the injection of the tunneling current onto the film of the [Tb (Hoep)(oep)] 
molecules. The [Tb (Hoep)(oep)] molecules form the three-fold symmetry lattice as 
can be seen in Figure 3-1(c) with the spacing of 1.8 nm. When the tunneling electrons 
are injected with the condition of Vs=1.5 eV and It=0.5 nA for 30 s, the target 
molecule at the circle of Figure 3-1(c) changes into the protruded molecule in Figure 
3-1(d). This change is caused by the removal of the H atom marked with the red 
circle in Figure 3-1(b) with the energy transfer from the tunneling electron.31  
When the manipulation voltage is increased to be larger than 2.5 V, we see 
another type of change in the target molecule. This is shown in Figure 3-1(e). We 
note two characteristic changes in the molecule shape after the manipulation; (1) the 
molecule becomes brighter than the rest of the film like that we observe in the 
dehydrogenation process to form [Tb(oep)2], (2) there appears a missing lobe in the 
top ligand (see the position of the arrow Figure 3-1(e)). For the change of the top 
ligand by this manipulation, we consider a model of the detachment of the ethyl 
group at the end of the molecule (see the group marked by the red circle in Figure 3-
1(b)). A similar detachment of the perimeter group of the molecule was demonstrated 
for the CoPc molecule.19 Similarly we assume a model in which one ethyl group is 
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detached from the perimeter with this manipulation. The detached ethyl group is 
indicated by the red-circle in Figure 3-1(b). 
In addition to the removal of the ethyl group, since the employed voltage (2.5 V) 
is larger than the threshold voltage of the dehydrogenation (1.5 V), it is expected that 
the H atom that is marked with the green circle in Figure 3-1(c) is removed 
simultaneously. This model for the manipulated molecule is expressed as deethyl-
[Tb(oep)2] hereafter. 
In order to examine whether the newly created molecule corresponds to this model, 
we simulate the STM image by the DFT calculation after the detachment of the ethyl 
group and the H atom from the molecule. The model depicted in Figure 3-1(f) 
assumes that both the ethyl group and the H atom are detached. In the simulations of 
the STM images, we included the gold surface modelled as by a five-atom-thick slab 
the simulated image illustrated in Figure 3-1(g) clearly shows a missing lobe in the 
simulated unoccupied state image, which is consistent with the observed STM image.  
We also made a simulation for the molecule in which only the ethyl group is removed. 
The simulated STM topographic image showed no height difference between the 
former and the latter molecules and cannot reproduce the experimental STM image. 
Instead, the molecule of Figure 3-1(f) where both the H atom and the ethyl group are 
removed shows the protruded height in the simulated image. The simulation supports 
a model in which dehydrogenation and de-ethyl processes are induced 





3.3 Kondo resonance at zero bias  
 
Figure 3-2. STS spectra near the Fermi level obtained at the ligand 
positions for the molecules of (I) [Tb (Hoep)(oep)], (II) [Tb(oep)2], and 
(III) deethyl [Tb(oep)2]. 
The STS spectra near the Fermi level observed for the [Tb (Hoep)(oep)] and the 
created [Tb(oep)2] molecules are shown as spectra I and II in Figure 3-2, respectively. 
While no feature can be seen for I near the Fermi level, a clear dip at the Fermi level 
is clearly observed in II. 
In the STS spectra obtained for the deethyl-[Tb(oep)2] molecule, we observe a peak 
instead of the dip that is shown as III in Figure 3-2.  
The sharp features at the Fermi level for both molecules are likely originated from 
the Kondo resonance. We first analyze the shape of spectrum II of the Figure 3-2. It 
has been reported the shape of the Kondo resonance in the STS spectrum can be 
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,  𝜀 =
𝑒𝑉−𝜀0
𝛤
           (1) 
where q is the Fano parameter, ε0 is the peak position, and  is the resonance width 
(the full-width-half-maximum (FWHM) of the actual peak corresponds to 2).  
The width parameter  is scaled with the Kondo temperature TK,1 and its variation 
with the sample temperature has been studied previously  
In addition, TK can be expressed by the following formula,  
           𝑘B𝑇K ∝ 𝐷exp(−1/2𝜌0𝐽)                      (2) 
where kB is the Boltzmann constant, D is the half-width of the conduction band of 
the host metal,  is the density of state at Fermi level, J is the exchange coupling 
constant.1,34  
The change of the bonding configuration of the molecule on the surface affects both 
the shape and the width of the spectrum. The shape of the spectrum changes with the 
parameter q in eq. (1), where the large and small q corresponds to the cases in which 
the majority of the tunneling paths are through-molecule and direct-to-metal, 
respectively. It is argued that the strongly (weakly) bonded molecule corresponds to 
q~1 (q>>1). Note that, in the condition of q>>1 (q~1), the spectrum becomes a simple 
peak (dip). 
The width of the spectrum can be analyzed by examining eq. (2). The strong bond 
between the molecule and the substrate produces larger J, which makes the spectrum-
width wider corresponding to a higher TK. The dependence of TK on J is in an 
exponential manner that makes TK quite sensitive to the bonding strength. 
By fitting the Fano dip measured at the ligand of the created [Tb(oep)2] (spectrum II 
of Figure 3-2), we obtained  of 5.5±1.0 meV and q of 0.05±0.02, respectively, 
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corresponding to the TK of 45±8 K. We further examined the peak-width change 
with the temperature and confirm that this feature can be assigned to the Kondo 
resonance.  
Similarly, we fit the spectrum of III of Figure 3-2 for deethyl-[Tb(oep)2]. From the 
observed FWHM of 26 mV, the TK can be estimated as 105 K. The Fano fitting 
parameter shows a large value of q ≈ 100, with peak center ~ 4 mV shifted towards 
positive direction from the Fermi level. We have to note that the q value deduced 
from a symmetric peak contains a large ambiguity, which was investigated in detail 
by Neel and coauthors. Thus, the analysis of the q values for such a Kondo peak 
should be limited to a qualitative discussion.35,36  
A clear difference of the shape of the Kondo resonance from the dip for [Tb(oep)2] 
to the peak deethyl-[Tb(oep)2] is observed. Again, by measuring the temperature 
dependence of this peak, we conclude that it is also a Kondo resonance.  
As shown above, we confirmed that the features near the Fermi level both of the 
newly created molecules are originated from the Kondo resonance. However, they 
show a large q change, corresponding to the conversion from the dip to the peak. This 
change might indicate a chemical change of the molecule and might be useful for the 
understanding of the molecule's property. 
First, we consider what spin impurity causes these Kondo resonances with using the 
DFT calculation. We calculated the spin polarized LDOS by using the VASP code. 
The results for the carbon atom in the ligand of Hoep of [Tb (Hoep)(oep)] and that 
in the oep ligand of [Tb(oep)2] are shown as I and II in Figure 3-3, respectively. For 
[Tb (Hoep)(oep)] molecule, the  orbital is paired and there is no net spin. 
 On the other hand, for the [Tb(oep)2] molecule, up- and down-spin components are 
straddling the Fermi level and a net spin exists (the corresponding molecule orbital 
is  orbital delocalized in the oep ligand).  
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On the other hand, the newly created deethyl-[Tb(oep)2] molecule has a similar  
radical in the plot IV of Figure 3-3. We also show the result calculated for the deethyl-
[Tb(Hoep)(oep)] molecule whose result is shown in plot III of Figure 3-3. For this 
case, we see no spin polarization, which supports our assumption that the newly 
created molecule after the injection of the tunneling electron with the energy higher 
than 2.5 eV is deethyl-[Tb(oep)2] instead of deethyl-[Tb (Hoep)(oep)]. Thus, the 
unpaired spin for the molecule created after injection of the tunneling electrons with 
Vs=2.5 V should be originated from the same radical [Tb(oep)2]. Then we should 
examine what is the reason which causes the cross-over from the dip to the peak. 
 
Figure 3. Spin-resolved DFT calculation of the LDOS for the three 
molecules indicated in the figure. (I)[Tb(Hoep)(oep)] (II) [Tb(oep)2], 
(III) deethyl-[Tb(Hoep)(oep)], (IV) deethyl-[Tb(oep)2] 
The Kondo resonance creates the electron state with high LDOS near the Fermi level, 
thus the dI/dV should show a peak genuinely. The Fano dip appears as a result of the 
interference of the tunneling electrons through different paths. In the STM set-up, 
the electron tunnels either (1) from the tip to the Kondo resonance state followed by 
the dissipation to the substrate, (2) from the tip directly to the substrate. The 
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destructive interaction of the two paths produces a dip near the Fermi level. The 
change of the dI/dV spectrum has been discussed theoretically,32,33,37,38 and 
experimentally,13,14,39 by considering the Fano resonance. Gao and coworkers 
demonstrated the cross-over between the dip and the peak shape of the Kondo 
resonance for the FePc molecule adsorbed on Au (111).12 The stronger bond between 
the molecule and the substrate enhances the tunneling from the tip directly to the 
substrate which causes Fano-dip. 
In considering the cross-over of the Kondo resonance shape of this report, we should 
consider the strong coupling between the top and the bottom oep ligands. This can 
be deduced from the fact that the TK and q values for the [Tb(oep)2] molecule are 
very similar to those observed for the single-decker porphyrin molecules adsorbed 
on Au (111) surface. For the 5, 10, 15, 20-tetrakis-(4-bromophenyl)-porphyrin-Co 
(TBrPP-Co) molecule adsorbed on Cu (111) surface, it is reported that TK and q are 
130 K and 0.29, respectively, for the saddle form.13,14 
We believe that, by removing the ethyl group from the top ligand, the coupling 
between the STM tip and the bottom oep are weakened which is the reason of the 
crossover of the Kondo resonance shape. In order to examine this model, we illustrate 
the isosurface of the SOMO level of the deethyl-[Tb(oep)2] molecule in Figure 3-
1(h). We can see that the symmetric MO distribution for the [Tb(oep)2], is disturbed 
at the position where the ethyl group is removed for the deethyl-[Tb(oep)2] molecule. 
Due to the disturbed SOMO distribution, the top oep ligand cannot couple well with 
the bottom one. Thus, the coupling between the top oep and the substrate is weakened. 
Consequently, the Kondo resonance appears as the Kondo peak reflecting a weaker 




3.4 Temperature dependence of zero bias peaks of 
[Tb(oep)2], and  deethyl-[Tb(oep)2] molecules  
In order to prove that the zero-bias peak (ZBP) observed in our STS plot originates 
from Kondo resonance, we examine the peak-width change with the sample 
temperature. The variation of ZBP spectra for the temperature range of 4 K- 70 K for 
[Tb(oep)2] and deethyl-[Tb(oep)2] molecules are plotted in Fig. 3-4 A and 3-4 B, 
respectively. The measured spectra are fitted using Fano functions given in eq. (1). 
The results are superimposed on the measured spectra as red curves. The temperature 
dependent width parameters of the Fano fitting, (T), are plotted in the right-hand 
panel for both cases. The curve of (T) can be reproduced well using eq. (2) within 
the accuracy of the error bars, which rationalizes the assignment of both the dip and 
peak features to the Kondo resonance. TK are deduced as 45 K and 105 K for the 
[Tb(oep)2] and deethyl-[Tb(oep)2] molecules, respectively.  
                         A                                            B 
 
Figure 3-4 (Left panel) Temperature dependence of the zero bias dip 
measured in the temperature region of 4.7–64 K for the [Tb(oep)2] 
molecule. (Right panel) Peak width (2) vs temperature plot with 




3.5 Mixture of peak & dip at the interface of deethyl-
[Tb(oep)2] & [Tb(oep)2] 
 
Figure 3-5. (a) Molecule X of [Tb(oep)2] obtained after injecting 
electron with energy 2.0 eV. (b) Molecule Y of deethyl-[Tb(oep)2] 
created next to X by injecting electron of 2.5 eV. (c) dI/dV at positions 
1 of X of (a) and 2, 3 of X of (b), and 4-6 on Y of (b). (d) dI/dV mapping 
of the Fano dip (color table shown in the right-side bar) along the 
white line on X molecule of (b). (b) STS spectra obtained at the 





It is intriguing to investigate a case where [Tb(oep)2] and deethyl- [Tb(oep)2] 
molecules are placed next to each other. This assembly can be created by injecting 
electrons to the adjacent molecules with different energies. First, the [Tb(oep)2] 
molecule is created that is indicated by X in STM image of Figure 3-5(a). Next, the 
deethyl-[Tb(oep)2] molecule is created next to the created [Tb(oep)2] by injecting the 
electron with the energy of 2.5 eV. The newly created molecule is indicated by Y in 
Figure 3-5(b)).  
For the assembly of X and Y, we measure the site-dependent STS which are shown 
in Figure 3-5(c) and 3-5(d). The spectrum 1 was obtained for the isolated X in Figure 
3-5(a). The ones 2-6 were obtained after the completion of the XY assembly. 
The most intriguing feature is the complex shape of STS spectrum near the Fermi 
level observed at the contact of X and Y. The shape of the spectrum-feature looks 
like a combination of the dip observed for [Tb(oep)2] and the peak for deethyl-
[Tb(oep)2]. In order to prove this, we fit the spectra with using the curves of the Fano 
dip and the Kondo peak. The results are indicated by the red curve superimposed in 
the spectrum 4 of Figure 4(c), which is a convolution of a peak and a dip. The 
parameters of Fano fitting for the peak are =13 meV (TK=105 K), ε0=4 mV and 
q=100. Those for the dip are =5.2 meV, ε0=4 mV, and q=0.03. These values show a 
quite good agreement with those used in the fitting of the spectra II and III of Figure 
3-2.  
Moreover, we examine the variation of the Fano dip with the position inside of the 
molecule X. In Figure 3-5(d), the topographic image of the molecule X is shown in 
the left-had side, where we indicate a white vertical line along which the STS spectra 
were obtained. The position I (II) corresponds to the point that is closest to (most 
separated from) the contact of the molecules X and Y. In the right-hand side of Figure 
3-5(d), we show the STS mapping where the horizontal axis corresponds to the 
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energy and the vertical axis corresponds to the position along the white line. The 
amplitude of the conductance is expressed following the color scale shown in Figure 
3-5(d). We see a red line running vertically at 3 meV which is marked as A. Two 
protruded peaks flank the dip A, which are indicated by B and C. These features are 
obvious around I but not visible around II. The actual spectra obtained at the positions 
I and II are shown in Figure 3-5(e). 
We examine how the Kondo resonance appears as a mixture of the dip and peak by 
considering the electronic structure. Note previous reports describe in detail the 
changes in the Kondo resonance line shape due to hybridization effects or magnetic 
coupling.40-43 However, the novelty of this report lies in the difference that the Kondo 
resonance is due to the unpaired delocalized orbital. 
3.6 Spin-resolved DFT calculation of LDOS of deethyl 
- [Tb(oep)2] & Tb(oep)2 
Figure 3-6(a) compares the spin-polarized LDOS calculated at the positions of I, 
II and III in the model shown in Figure 3-6(b) where the [Tb(oep)2] and deethyl-
[Tb(oep)2] molecules are placed next to each other.(see SI for the coordinate) 
Spectrum I and II, which are calculated for the carbon atoms specified in the model 
separated from the interface of the two molecules are similar to those calculated for 
isolated molecules shown as II and IV in Figure 3-5, respectively. Note that the 
SOMO in II is pushed towards higher bonding energy side. Interestingly, the 
calculated LDOS at the interface shown in III possesses both characters of two 
molecules in which the pair of the major and minor spin components are indicated 
by marks A and B in the figure. 
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Figure 3-6(a) Spin-resolved DFT calculation of the LDOS (b) model 
used for the calculation. [Tb  (oep)2] and deethyl-[Tb(oep)2] are placed 
in left- and right-side, respectively. Ethyl group is removed at the red 
circle position. Spectra I to III are calculated for the C atoms of the 
corresponding number of (b).  
 
The existence of such hybridized MO can explain the mixed Kondo resonance of the 
Fano-dip and the Kondo peak. The hybridized state is the entrance of the tunneling 
electron. Once the tunneling electron is injected into the state, the electron has two 
possible paths to be dissipated into the Au substrate, which are either through 
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[Tb(oep)2] or deethyl-[Tb(oep)2] molecule. Depending on which path the electron 
takes, it detects the Kondo resonance which is characteristic to each molecule. 
 
As a summary, we selectively formed [Tb(oep)2] and deethyl-[Tb(oep)2] molecules 
form [Tb (Hoep)(oep)] molecule, which show two types of the Kondo resonances 
that are both originated from the  radicals and have different values of TK and q of 
Fano fitting parameters. If they approach each other, they form a hybridized MO due 
to the delocalized nature of the  radical. The Kondo resonance obtained after placing 
the STM tip on that MO shows the mixture of the Kondo resonance features of the 
molecules of [Tb(oep)2] and deethyl-[Tb(oep)2] where TK and q are preserved. The 
interaction between two radical spins occurs with a mechanism that is quite different 
from that discussed for the two-spin impurity system of the electrons in the d and f 
orbitals. Those orbitals are localized and the energy scale of the RKKY interaction 
between the spins is much weaker than that of the inter-molecule interaction. This is 
the reason why the hybridization between the  orbitals of neighbor molecules can 
combine two types of the Kondo features in the tunneling conductance. By tuning 
radical orbital either of intra- or inter-molecule manners, it might be possible to 
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In this study, STM was used to explore adsorbed configuration and spin properties 
of CePc2 and construct Tb (Hoep)(oep) & Tb(oep)2 molecule assembly.  
STM with STS are very powerful technique to explore interaction between the 
interface between molecule and metal electrode then finally successful use of those 
molecule in spintronics. 
In Chapter 1,  
some fundamental knowledge, introduction of STM, STS, Kondo effects and 
manipulation of molecules were introduced. The purpose and strategy of this study 
were described.   
In Chapter 2,  
Adsorbed configuration and spin properties of CePc2 on Au (111) were described. 
There were two phases of CePc2 film. In both phases, in first layer shows kondo peak 
but in second layer missing. The disappearance of kondo can be explained by Ce3+ 
turns to Ce4+ in second layer. In first layer, electronic structure of 2Pc2- is (Pc2-Pc1-) 
due to charge arrangement within molecules because of weak interaction with Au 
substrate. In second layer, electronic structure like Ce4+ (Pc2- Pc2-) because no 
interaction with substrate and consequence no spin and no Kondo found.  
In Chapter 3,  
we selectively formed [Tb(oep)2] and deethyl-[Tb(oep)2] molecules from the [Tb 
(Hoep)(oep)] molecule, which show two types of the Kondo resonances that are both 
originating from the π radicals and have different values of TK and q of Fano fitting 
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parameters. If they approach each other, they form a hybridized MO due to the 
delocalized nature of the π radical. The Kondo resonance obtained after placing the 
STM tip on that MO shows the mixture of the Kondo resonance features of the 
molecules of [Tb(oep)2] and deethyl-[Tb(oep)2] where TK and q are preserved. The 
interaction between two radical spins occurs with a mechanism that is quite different 
from that discussed for the two-spin impurity system of the electrons in the d and f 
orbitals. Those orbitals are localized and the energy scale of the RKKY interaction 
between the spins is much weaker than that of the intermolecule interaction. This is 
the reason why the hybridization between the π orbitals of neighboring molecules 
can combine two types of the Kondo features in the tunneling conductance. By tuning 
the radical orbital either of intra- or intermolecule manners, it might be possible to 
design the Kondo states and examine the associated physical/chemical properties. 
4.2 Future works 
At present, I have explored adsorbed configuration and spin properties of CePc2 on 
Au (111) and manipulation of non SMM Tb (Hoep)(oep) to SMM Tb(oep)2, finally 
made kondo assembly on Au (111).  
In order to get more information about these phenomena, others substrate can be used 
to check substrate interaction.  
Injection of electron to molecule and check how charge propagate through molecule 
can be explored by STM.  
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